Abstract-An effective solution of generating OAM-carrying radio beams with three polarizations is provided. Through the reasonable configuration of phased antenna array using elements with three polarizations, the OAM radio waves with three polarizations for different states can be generated. The vectors of electric fields with different OAM states for linear, as well as left or right circular polarizations are presented and analyzed in detail.
INTRODUCTION
An electromagnetic wave radiates energy as well as angular momentum (AM) [1] . The angular momentum is composed of spin angular momentum (SAM) describing the polarization state and orbital angular momentum (OAM) describing the helical phase structures. Since SAM has been widely used starting around 1935 when it was experimentally demonstrated by Beth [2] , OAM is not fascinating until Allen et al. investigated in 1992 that beams with helical wave fronts comprise an azimuthal phase term exp( ) i θ and have an OAM of per photon (where is topological charge, θ is the azimuthal angle) [3] . At first, the applications of OAM have mostly been within the optical regime, and by introducing OAM the capacity of optical communication systems is largely extended [4] . Until very recently, the photon OAM becomes used in the low frequency radio domain [5] . From then, many optical methods were introduced to give rise to OAM-carrying radio beams [6, 7] . However, all these methods can generate only a fixed mode OAM radio beam; so in [8] and [9] , circular antenna array is introduced to generate OAM waves with different topological charges. In [8] , simple dipole antenna is adopted as array element, and the elements are fed by the same signal, but with a successive phase delay; while in [9] , Vivaldi antenna is used as array element, connected sequentially and fold into a hollow cylinder to generate OAM, but the simulation results are quite different from the traditional states. The debate between OAM and MIMO systems in terms of spectral efficiency is also documented in [10] , saying "OAM sub-channels" is a subset of the solutions offered by MIMO. However, MIMO communications primarily exploit multipath fading to maximize the channel diversity, while OAM operates in a line-of-sight scenario where multipath signals would distort the phase profile and hence reduce performance [11] .
In this document, we provide an effective solution of generating OAM-carrying radio beams with three polarizations using phased circular horn antenna array. Through the reasonable configuration of the antenna array using elements with three polarizations, the OAM Radio Waves with three polarizations for different states can be generated. When combining both the polarization states and OAM states, communication systems would have tremendously increases in capacity and spectral efficiency. The radiation patterns as well as electric fields of three polarizations for different OAM states are analyzed in detail, and the simulation results are quite consistent with the traditional optical states.
II. ANTENNA ELEMENT
The key component of the antenna element is a three-port stepped-septum polarizer which can excite high-purity lefthand or right-hand circular, as well as linear polarizations [12] . The input of the polarizer is composed of two identical rectangular waveguide ports while the output is a single square waveguide. When only one port is excited, the left-hand or right-hand circular polarization is produced; while both input ports are synchronously excited with a proper phase, the linear polarization is obtained, which would be tilted at any angle with respect to the horizontal or vertical aperture direction. The configuration of the three-port stepped-septum polarizer is schematically represented in Fig. 1 . The septum has six steps, and a groove is made on the septum to increase the isolation of the two ports. Fig. 2 gives the holistic configuration of the horn antenna element, which consists of three parts: the three-port stepped-septum polarizer, the square-to-circular wave-guide transition, and the horn.
The gain of the horn antenna is larger than 10.9 dBi with a good directionality at 2.2 GHz as shown in Fig. 3 ; and the simulated axial ratio (AR) is below 2 dB when the theta varies from 58 −°to 59°. The simulated cross polarization discrimination of left-hand and right-hand circular polarizations is given in Fig. 3 with an isolation of about 30 dB.
III. ARRAY STRUCTURE AND MECHANISM

A. Array Structure
The configuration of the OAM-generating array using several horn antennas is shown in Fig. 4 . In our present work, 10 N = horn antennas are equidistantly spaced along the perimeter of a circle with a diameter of 4 D λ =
; it is important to note that all elements should be parallel to each other with no rotation. To get helical wave fronts, the array is fed with the uniform amplitude but with a successive phase difference for the successive elements, which is 2 / *36 N φ π
Δ = =°
(where is topological charge). By changing the phase difference at the steps of 0°, ±36°, ±72°, ±108°, and ±144°, the OAM radio beams with topological charges =0, ±1, ±2, ±3, and ±4 can be generated. Through the using of the phased circular horn antenna array, perfect OAM-carrying radio beams with three polarizations for different OAM states can be obtained. Therefore, by encoding information as OAM states of the beam, the capacity of wireless communication systems would be greatly improved, and the spectral efficiency will be doubled when the polarization states are further introduced. Fig. 5 gives the radiation patterns of the OAM-carrying radio beams with all possible states at the frequency 2.2 GHz, and the radiation patterns of the antenna array are quite consistent with the traditional optical states for OAM states =0, ±1, ±2 and ±3, while that for OAM state =±4 is slightly distorted. This is because the largest OAM mode the array can generate is strictly restricted by the number of array elements, which is / 2 N < , where N is the number of array elements [5, 8] . This needs to be stressed that the antenna radiation patterns of left-or right-hand circular, as well as linear polarizations are all the same for the identical OAM state.
B. Radiation Patterns
The spatial extent of the null region of the beam along the array axis widens as the absolute value of the topological charge increases, as is more clearly shown in Fig. 6 . In other words, the direction angle of the maximum gain becomes wider as the absolute value of the topological charge increases, which means that the receiving antennas for different OAM states should be placed at different places for the strong beam intensity. The relationship between the direction angle θ of the maximum gain and the topological charge is derived as follows:
where D is the diameter of the circular array. From (1), we know there is a lower limit of the diameter of the circular array, which is / 2 D λ > ; and for a certain topological charge , the diameter D of the circular array should be enlarged to minimize the area of the null region. Fig. 7 shows the effect of the variation of diameter D on the radiation patterns of mode =+3. As the diameter of the array increases, the maximum gain increases while its direction angle decreases. The side lobes of the beam also increase when the array diameter is enlarged, but they are at much wider angles than the main lobe. Fig. 8 gives the vectors of electric fields with different OAM states for the linear polarization. The focus area, where the vectors are plotted, is intersected at 20λ from the transmitting array. The size of the area is 16λ × 16λ . It is observed that the OAM states of ±1, ±2, and ±3 are distinguished easily when calculating the number of helical wave fronts in the clockwise or anticlockwise direction. A change in direction of the arrows from right to left, and back to right again corresponds to a change in phase of 2π . When looking in the projection direction, the peak value spot of electric field with the negative value has a clockwise rotation, while that with the positive value would have an anticlockwise rotation.
C. Electric Fields
The electric field vectors with OAM state =+1 for the left circular polarization is shown in Fig. 9 . It is observed that electric fields for circular polarization also reveal helical phase structures, and the peak value spot of electric field has a clockwise or anticlockwise rotation around axis, but the copolarization of the peak value spot keeps stable; as for a fixed point, the electric field vectors conduct periodic rotation, which is a key feature of the circular polarization.
D. AR for OAM
The axial ratio (AR) of OAM states 1 = − for the right circular polarization, and 3 = + for the left circular polarization are plotted in Fig. 10 and 11 , respectively, which all demonstrate good circular polarizations for the main beams. Since the cross-polarization discrimination of left-and righthand circular polarizations is over 30dB for the horn antennas as shown in Fig. 3 , by implementing this phased circular horn array, the spectral efficiency will be doubled when the two circular polarization states are further introduced. In addition, characteristic on-axis phase singularities of OAM are also revealed on the AR-plots, and the spatial extent of the on-axis singular-phase null region widens as the absolute value of the topological charge increases, which are in correspondence with the phenomenon of the radiation patterns for OAM shown in Fig. 6 . 
E. Superposition of OAM states
Since each of the OAM eigenstates with integer topological charges is orthogonal and independent to the other, a superimposed non-integer OAM state R α ∈ can then be decomposed into a Fourier series superposition of orthogonal OAM eigenstates [13] , that is:
From (2), we know that the capacity of wireless communication systems can also be enhanced by using OAM beams as information carriers for multiplexing, since each of these orthogonal OAM eigenstates of the total superimposed non-integer OAM beam can be demodulated. So we further investigate the superposition of two concentric orthogonal OAM states by adopting two coaxial circular antenna arrays with different radii. The number of the outer antenna array is 
IV. CONCLUSION
An effective solution of generating OAM-carrying radio beams with three polarizations is presented. Through the using of modern digital radio techniques, good OAM-carrying radio waves with three polarizations are obtained and the electric field vectors with different OAM states for the linear, as well as the left and right circular polarizations are presented. Simulations show that the results are quite consistent with the traditional optical states. All the research lays the foundation for new methods and techniques which can vastly increase the capacity of wireless communication and the spectral efficiency, since information can be encoded as OAM states or OAM beams along with different polarizations can be used as information carriers for multiplexing. 
